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ABSTRACT
Association of Diet Quality and Body Mass Index with Serum Ceramides in Middle-Aged
Adults
Margaret Ann Drazba
Cardiovascular disease (CVD) is one of the leading causes of death worldwide and identifying
CVD risk is important for determining and implementing appropriate intervention strategies.
Ceramides are a class of sphingolipids that are implicated in the pathogenesis of obesity and
CVD. However, their relationship to diet quality, a modifiable risk factor for CVD, is largely
unknown. The purpose of this cross-sectional study was to determine the association of an a
priori diet quality index and body mass index (BMI) with circulating ceramides in middle-aged
adults (n=96). Dietary intake was assessed using three 24-hour recalls and Nutrition Data System
for Research (NDSR) software. Diet quality was estimated using the Healthy Eating Index (HEI2015). Serum ceramide concentrations were determined by quantitative liquid chromatography
mass spectrometry (LC/MS). A ceramide risk score was calculated based on published metrics.
After adjusting for confounding cardiovascular risk factors, BMI (kg/m2 ) was positively
associated with C18:0 (R2 =0.31, p<0.0001), C18:0/C24:0 (R2 =0.30, p<0.0001) and the ceramide
risk score (R2 =0.11, p<0.009). HEI-2015 was inversely associated with C22:0 (R2 =0.42,
p=0.02). These findings suggest that BMI is more predictive of ceramide concentration than diet
quality as measured by the HEI-2015 in this sample. Studies to determine if reduction in weight
status results in lower ceramide risk scores in humans are needed.
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PREFACE
This thesis was written in the format as prescribed by West Virginia University
Electronic Thesis Document guidelines. This thesis document contains one manuscript:
Association of Diet Quality and Body Mass Index with Serum Ceramides in Middle-aged Adults
with at Least One Risk Factor for Cardiovascular Disease. The manuscript has been formatted
for publication in Nutrients.
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INTRODUCTION
Cardiovascular disease (CVD) continues to be one of the leading causes of death
worldwide.1 In the United States (U.S.) alone, one in four people die of CVD each year.2
Identifying CVD and reducing CVD risk is important to reduce healthcare costs and improve
quality of life. Diet has been shown to be a modifiable risk factor for CVD, and evidence-based
dietary patterns such as the Mediterranean Diet and adhering to the U.S. Dietary Guidelines for
Americans (DGAs) have shown effectiveness in reducing risk of CVD mortality and lowering
traditional CVD biomarkers.3,4 Traditional biomarkers of CVD risk include low-density
lipoprotein (LDL) cholesterol, high density lipoprotein (HDL) cholesterol, and triglycerides. 5
However, studies looking at CVD mortality have suggested that LDL and triglycerides may not be
highly predictive of CVD risk,6,7 and there is emerging evidence that another class of lipids,
ceramides, may be a better clinical biomarker for predicting CVD risk.
Ceramides are present in all cells and lipoproteins as a type of sphingolipid. Ceramides are
biologically active, as they play a role in cell differentiation, apoptosis, cellular stress response,
and inflammatory response.8 They are synthesized from saturated fats and sphingosine, and this
synthesis occurs in all tissues.9 In situations such as dyslipidemia and caloric excess, ceramides
are synthesized de novo and can accumulate in tissues that are not suited for fat storage, such as
the heart.9 Levels of circulating ceramides are reflective of tissue accumulation. The current
research on ceramides points to associations between circulating ceramides and CVD, along with
risk factors for CVD including obesity and insulin resistance.8,10
While there are many structurally different species of ceramides present in the body, three
specific ceramides were identified as being associated with CVD risk.6,11 A ceramide risk score
based on C16:0, C18:0, C24:1 and their ratios to C24:0 has been identified as a new clinica l
1

biomarker of CVD events and is commercially offered by the Mayo Clinic as of 2016.11,12 While
the test offers to identify those at risk of CVD, little is known about how to modify ceramide levels.
Evidence suggests that these lipids may be modifiable by statin treatment,6 gastric bypass,13 and
aerobic exercise,14 but their relationship to diet is largely unknown. Determining if circulating
ceramides are associated with diet and body mass index (BMI) is needed to guide the possible
development of dietary strategies to lower ceramides and thus, CVD risk.
There are still gaps in the literature centering on ceramides. Across studies, there are
variations in the specific ceramide species measured. Furthermore, few studies exist on the
associations between diet and ceramides along with other risk factors for CVD, such as obesity.
Therefore, the purpose of this thesis is to examine the association of diet quality and BMI with
ceramides. We hypothesized that higher diet quality as assessed by the HEI-2015 is associated
with lower circulating ceramides and a lower ceramide risk score. We also hypothesized that
higher BMI is associated with higher circulating ceramides and a higher ceramide risk score.
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CHAPTER 1: LITERATURE REVIEW
Ceramide Synthesis
Ceramide is produced in the body by three main pathways: de novo synthesis,
sphingomyelin hydrolysis, and the salvage pathway.8 The de novo synthesis pathway is controlled
by palmitoyl Co-A and serine. These two combine with the aid of serine palmitoyltransferase (SPt)
enzyme to create 3-keto-spinganine which becomes sphinganine, then dihydroxyceramide, and
eventually resulting in the end product of ceramide.8 The amount of palmitoyl Co-A levels are
related to palmitate. Thus, this pathway depends on the availability of saturated fatty acids.8
Increased palmitate and serine means there is increased substrate availability for the synthesis of
ceramide.8 It is suggested that the disruption of ceramide de novo synthesis pathway could have a
beneficial impact on metabolism.8
The two other ceramide pathways, sphingomyelin hydrolysis and the salvage pathway,
require an initial supply of ceramide.8 Sphingomyelin hydrolysis requires sphingomyelin, which
is the most abundant sphingolipid in mammals.8 Sphingomyelinase (SMase) is the enzyme
responsible for hydrolyzing sphingomyelin. SMase is activated by pathogens, oxidative stress, and
inflammatory signals. Tumor necrosis factor alpha (TNF-α) and interleukin 1 beta (IL-1β) both
activate SMase and induce ceramide accumulation.8
The third pathway of ceramide synthesis, the salvage pathway, produces ceramides via the
catabolism of other complex sphingolipids.8 However, this is an indirect pathway and not as well
researched as the other two pathways. Sphingomyelin and glycosphingolipids are degraded by
enzymes to form ceramide.8 This occurs within acidic cellular compartments. Ceramide is then
degraded to sphingosine and free fatty acids that enter back into the cytosol. Once they are in the
cytosol, sphingosine is converted back to ceramide via ceramidase.8
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While ceramide production is controlled by the availability of palmitate and serine, recent
studies have shown that tissue ceramide levels are regulated by hormonal signals that control rates
of synthesis and degradation.15 Inflammatory agonists are increased in obesity, which leads to
increased ceramide production.8 Additionally, toll-like receptor 4 (TLR4) activation leads to
increased production of ceramide biosynthetic enzymes. Saturated fatty acids activate the TLR4
response, but not unsaturated fatty acids.15 TLR4 is needed for palmitate- induced insulin resistance
and ceramide synthesis, while ceramide synthesis is needed for TLR4-induced insulin resistance. 8
Palmitate, TLR4, and ceramide work synergistically to cause insulin resistance, which is a risk
factor for cardiovascular disease.
Once produced, ceramides are responsible for a number of different mechanisms which
alter cellular metabolism. Ceramide inhibits protein kinase B (Akt).8 Due to this inhibition, there
is decreased insulin signaling, nutrient uptake, glycogen synthesis and protein synthesis.8 Akt is
also responsible for nutrient catabolism, so there is an upregulation in nutrient storage when it is
inhibited. Akt further plays a role in glucose transporter type 4 (GLUT4) signaling. By inhibiting
Akt, insulin resistance increases.8 Ceramides also inhibit fatty acid oxidation (FAO) in the electron
transport chain.10 This causes an accumulation of reactive oxygen species (ROS), which can lead
to CVD when accumulating in heart muscle and lead to insulin resistance.10 Ceramide is also
responsible for activating JNK, NF-kB, and the receptor for advanced glycation end products
(RAGE), resulting in increased inflammation.10 Ceramide has been shown as a downstream
mediator of ghrelin and leptin signaling, two hormones involved in hunger and satiety.10 Therefore,
increased levels of ceramides promote increased food intake and body weight gain, both risk
factors for the development of CVD.10
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Serum Ceramides as a Risk Factor for Cardiovascular Disease
Ceramides and their relationship to CVD risk, along with mortality from CVD, has been
explored in a number of studies. As discussed previously, ceramides are present in all lipoproteins,
including LDL cholesterol, and play a biochemical role in the progression of atherosclerosis. 9
When ceramide content is increased within LDL, this promotes infiltration into the vessel wall,
contributing to atherosclerosis.9 Furthermore, arterial plaque is enriched with ceramides.9 Early
studies on this topic sought to examine their associations with traditional risk factors of CVD.
Ichi et al.16 examined the relationship between ceramide concentration and risk factors of
atherosclerosis in human plasma within a sample of 100 Japanese adults who did not have a
diagnosis of CVD. In this study, total plasma ceramide was defined as the sum of ceramides C16:0,
C18:0, C22:0, C24:0, C24:1, and C24:2. The major ceramides found in human plasma were C24:0
and C24:1. The total ceramide concentration showed a significant positive correlation with total
cholesterol (r=0.651, p<0.01), triglycerides (r=0.444, p<0.01), and free fatty acids (r=0.266,
p<0.01). Total plasma ceramide also showed a significant positive correlation with systolic blood
pressure (r=0.223, p<0.05), but not diastolic blood pressure. Total plasma ceramide level increased
drastically at a high level of LDL cholesterol, defined as 170 mg/dL. Additionally, total ceramide
did not correlate with HDL cholesterol. This study showed that traditional risk factors for CVD
are positively correlated with ceramides in a population with no diagnosis of CVD.
While the subjects in the previous study were healthy individuals, Yu et al.17 aimed to
document ceramide levels in congestive heart failure (CHF) patients to determine the potential
prognostic value. Researchers hypothesized that ceramide levels are upregulated in patients with
CHF and associated with the severity of symptoms and mortality. “Ceramide levels” were defined
as the sum of ceramides C18:0, C20:0, C22:0 and C24:0. The population consisted of 423 patients
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with CHF and reduced left ventricular systolic function, along with 104 healthy individuals. After
a mean follow-up of 4.4 years, there were 200 deaths total. The optimal threshold value for the
prediction of mortality was determined as a ceramide level of 6.05 ng/mL. Thus, a dichotomous
variable was created; participants who had plasma ceramide levels above 6.05 were considered the
“higher ceramide group”. Plasma ceramide level showed a strong predictive value for mortality of
CHF both as a continuous and as dichotomous variable, with an adjusted hazard ratio (HR) of 1.31
(95% CI 1.16-1.47, p<0.001) for increments of 1 ng/mL increase as a continuous variable and an
adjusted HR of 2.07 (95% CI 1.53-2.81, p<0.001) as a dichotomous variable. This study revealed
the prognostic value of plasma ceramide levels as predictor of mortality in patients with diagnosed
CHF.
These two studies laid the foundation for future research on the relationship between CVD
and ceramides. However, inconsistency in measurements of ceramides was seen in both studies,
making it difficult to determine which specific ceramides are associated with increased CVD risk.
Ceramide Risk Score
Many structurally different ceramides are present in humans due to multiple differe nt
ceramide synthase enzymes, which each have a unique tissue distribution and fatty acid selectivity.
Metabolomics analysis by Tarasov et al.6 identified three plasma ceramides as significantly linked
to cardiovascular mortality in a cohort with coronary artery stenosis. These ceramides were C16:0,
C18:0, and C24:1. This association was independent of traditional risk factors for CVD, includ ing
age, smoking status, triglycerides, LDL, and total cholesterol. These ceramides were also
normalized (analyzed as a ratio) with C24:0, which evidence suggests is a highly abundant plasma
ceramide not influenced by disease.6,9 Thus, these three individual ceramides and their ratios to
C24:0 were narrowed down as predictive markers of CVD risk.
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With this information, Laaksonen et al.11 aimed to study the prognostic value of these
plasma ceramides as cardiovascular death markers in three independent coronary artery disease
cohorts. Each of the three cohorts had a cardiovascular related health condition. The Corogene
study cohort consisted of stable coronary artery disease patients who had died within the average
follow up of 2.5 years, while the Bergen Coronary Angiography Cohort (BCAC) consisted of 1580
adults with stable coronary artery disease who were followed for 4.6 years with a total of 81 dying
of CVD. Finally, participants in the Special Program University Medicine-Inflammation in Acute
Coronary Syndromes (SPUM-ACS) cohort all had acute coronary syndromes, and 51 of the 81
cases died from cardiac reasons after one year of follow up.
This study11 was the first to develop and use the ceramide risk score as a risk estimatio n
tool for CVD events. The score was calculated by taking the concentrations of the ceramides
implicated in the previous study to be predictive of CVD risk (C16:0, C18:0, C24:1, and their
ratios to C24:0) and comparing them to the whole study population.6 If the ceramide concentratio n
was in the 3rd quartile, the individual received one point, and if the concentration was in the 4th
quartile, the individual received two points. Zero points were given if the concentration was in the
first or second quartile. Thus, scores ranged from 0-12, with higher scores corresponding to higher
serum ceramide levels. The score is further classified into low (0-2), moderate (3-6), increased (79), and high (10-12) risk categories.
In the Corogene cohort, results showed significant differences between C16:0, C18:0, and
C24:1 between participants who had a fatal myocardial infarction (MI) during the follow up period
and the controls (17.0%, 10.3%, and 11.2% higher in controls, respectively). Significant odds
ratios for coronary death were found in ceramide ratios C16:0/C24:0 (2.83; CI 1.7-4.7), C18:0/24:0
(2.15; CI 1.32-3.48), and C24:1/24:0 (2.72; CI 1.77-4.18). These ratios remained significant after
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adjusting for cholesterol, LDL, triacylglycerol, HDL, and CRP. C16:0 and C18:0 were positive ly
correlated with C-reactive protein (CRP) (r=0.28 and r=0.39, respectively). However, C24:0 was
14.9% lower in cases who had a fatal MI when compared to the control group, and a negative
correlation was seen between C24:0 and CRP (r=-0.12). In the BECAC cohort,11 the same three
ceramide ratios as in the Corogene cohort11 were significantly higher in the 81 patients who died
following a CVD event within 4.6 years of follow up compared to those who did not die during
follow up. Statin use did not significantly influence ceramide levels. In the SPUM-ACS cohort,
the 51 patients who died following a cardiac event within one year of follow up had significa ntly
higher ceramide ratios compared with those who survived in the follow-up period.
Specifically addressing the ceramide risk score, in the BECAC and SPUM-ACS cohorts,
the risk of CVD death increased as scores increased. In stable CAD and ACS patients, a 4.2 and
6.0 fold relative risk increase was observed when comparing the high-to-low risk categories. Thus,
evidence from this study suggested that the ceramide risk score may be a predictor of CVD events
and mortality.
Other studies have consequently applied the ceramide risk score to their populations to
assess CVD and CVD mortality. Havulinna et al.18 used the ceramide risk score (C16:0, C18:0,
C24:1, and their ratios to C24:0) to determine whether ceramides were associated with major
adverse cardiovascular events (MACE’s) among apparently healthy individuals in the populationbased FINRISK 2002 cohort that included 8,101 individuals of Finland. Within the sample, 813
participants had incident MACE. Increased concentrations of C16:0, C18:0, and C24:1 were
observed in individuals who experienced an incident MACE during the follow-up when compared
with the asymptomatic individuals (11.4%, 21.3%, and 17.0%, respectively). C18:0 had the
strongest association with incident MACE and the highest unadjusted hazard ratio of 1.31. The
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lowest 13-year incident MACE risk (2.6%) was observed in subjects having both CRP and C18:0
in the lowest concentration quartile. When researchers applied the ceramide risk score to the study
population, both MACE and MACE death risk were increased along with the increasing score. A
2.7- and 4.3-fold relative risk increase was observed for MACE and MACE death, respectively,
when comparing the high versus the low-risk category, further validating Laaksonen’s work.11
Similarly, Androedh et al.19 investigated the associations of ten previously identified high
risk molecular species, specifically those involved in the ceramide risk score, with the occurrence
of MACE during a follow up of 4.7 years in patients with CAD as part of the Ludwigshafen Risk
and Cardiovascular Health (LURIC) study. 574 patients were included in the analysis, with 55%
of patients diagnosed with acute coronary syndrome (ACS) and 46% with stable angina pectoris
(SAP). ACS patients had significantly higher plasma concentrations of C16:0, C20:0, C24;0,
C24:1, and the ratio C16:0/24:0 in the full cohort, including non-MACE and MACE compared to
SAP patients. Additionally, the concentration of C16:0 in ACS patient was significantly higher in
the MACE cohort compared to the non-MACE cohort (p=0.054). In the multivariable analyses
between the ceramide concentrations and MACE, after adjustment for cardiac risk factors, clinica l
presentation, and statin use at baseline, C16:0 and C24:1 were significantly associated with MACE
(HR: 2.14, 95% CI 1.22-3.76, p=0.008 and HR: 1.64, 95% CI 1-2.68, p=0.05, respectively).
However, after adjusting for LDL or non-HDL, only C16:0 remained significant. In the univar iate
analysis, C16:0, C20:0, C24:1, C16:0/24:0, C20:0/24:0 and C24:1/24:0 were significa ntly
associated with death and remained significant after adjusting for cardiac risk factors, indicatio n
for coronary angiography, statin use at baseline, and serum LDL. Notably, Androedh et al. did not
use the ceramide risk score in their analysis but analyzed the components of the risk score.
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Meeusen et al.20 furthered the research on plasma ceramides, specifically the ceramide risk
score, and their predictive capacity of MACEs in patients who underwent coronary angiograp hy.
The study population were 504 patients who were undergoing clinically indicated coronary
angiography at the Mayo Clinic between June 1998 and December 1998. Patients with diabetes
and patients who had smoked for more than 50 pack years were not eligible for the study. Incidence
of MI, coronary artery bypass surgery (CABG), percutaneous intervention, stroke, and death were
evaluated after four years. Participants were again evaluated for death after eighteen years. Plasma
ceramides, demographic information, and other traditional CVD biomarkers were measured at
baseline. Ceramides measured were: C16:0, C18:0, C24:0, C24:1, and the ratios C16:0/24:0,
C18:0/24:0, and C24:1/24:0. The ceramide risk score was also calculated in this study with scores
ranging from 0-12. The risk score was also stratified into four categories (0-2, 3-6, 7-9, and 1012). At baseline, ceramides were directly correlated with total cholesterol (7%<R2 <17%), LDL
(4%<R2 <10%),

and

triglycerides

(7%<R2 <18%)

and

inversely

correlated

with

HDL

(0.2%<R2 <3%). The four-year outcomes showed that C16:0, C18:0, and C24:1 were significa ntly
predictive of MI, stroke, revascularization, and death from any cause. C24:0 was not found to be
predictive, but when used in the ratio with C16:0, C18:0, and C24:1, there was an increased
association with those outcomes.
When assessing the ceramide risk score, the score was less than or equal to 6 for 64.6% of
patients. The rate of a cardiovascular event was significantly higher (20% versus 11%) among the
65 individuals with a ceramide score greater than or equal to 10 (p=0.04). The ceramide risk score
was significantly predictive of 4-year outcomes with a fully adjusted per standard deviation HR of
1.58 (95% CI, 1.22-2.04). Importantly, cardiovascular event rates increased as ceramide score
increased in patients who had or did not have CAD at baseline. Kaplan-Meier survival analysis
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showed that risk of major adverse events at any time was significantly greater (p<0.0001) during
4 years for individuals with increased ceramide risk score. At 18 years, C16:0 and C24:1 were
significantly predictive for all-cause death (p<0.005). The ratios analyzed were significa ntly
predictive (p<0.002) of all-cause death and remained that way after adjusting for age, sex, BMI,
hypertension, smoking, HDL, LDL, triglycerides, serum glucose, and family history of CAD
(p<0.004). Furthermore, a ceramide risk score greater than or equal to 10 was associated with a >2
fold increase in risk of all-cause death at 18 years compared with patients with a score below 2
(p<0.001). This study found a strong indication between ceramides and the ceramide risk score in
a population with and without CVD.
Studies using the ceramide risk score or simply using the species involved in the ceramide
risk score consistently pointed to increased CVD events and mortality in participants with elevated
ceramides. Based on the results of these studies, the Mayo Clinic began offering a commercial test
for these specific plasma ceramides and categorization by the ceramide risk score for the general
public.12
Obesity and Ceramides
Obesity, excessive fat accumulation in adipose tissue, is considered a risk factor for CVD,21
and studies have examined the mechanistic link between obesity and ceramide levels. Elevated
saturated free fatty acids in circulation promote de novo ceramide synthesis,10 and inflammator y
cytokines that are elevated in obese individuals activate the Smase enzyme, which regulates the
second pathway of ceramide synthesis.10 Further, elevated ceramide levels reduce FAO and disrupt
the electron transport chain through C18:0 targeting mitochondria to induce mitophagy, leading to
reduced FAO capacity via mitochondrial depletion.10 Therefore, a number of studies have included
measures of adiposity and obesity such as BMI and their associations with ceramides.
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In a study examining adiposity measures with plasma ceramides, Mielke et al.22 quantified
plasma ceramides C16:0, C18:0, C20:0, C22:0, C24:0, C26:0, C22:1 and C24:1 by age and sex in
922 individuals aged 55 and older enrolled in the Baltimore Longitudinal Study of Aging. They
found that waist to hip ratio was positively and significantly associated with C18:0, C20:0, C22:0,
and C24:1. Higher BMI was also significantly associated with increases in ceramide species C16:0,
C18:0, C20:0, C22:0, C22:1, and C24:1. Notably, the mean BMI of their entire population was 26
kg/m2 .
In a study investigating how decreases in fat affect ceramide levels, Huang et al.13
examined the effect of Roux-en-Y gastric bypass surgery (RYGB) on weight loss, insulin
sensitivity, plasma ceramides, pro-inflammatory markers, and cardiovascular risk factors before
surgery and at 3 and 6 months post-surgery. The sample consisted of 13 patients, 10 of which were
female, who had undergone RYGB surgery. The plasma ceramides analyzed were C14:0, C16:0,
C18:0, C18:1, C20:0, C24:0, and C24:1. The sum of these resulted in the total plasma ceramide
level. The predominant ceramides in the plasma of obese patients were C24:1, C24:0 and C16:0.
The results showed that total plasma ceramide levels decreased significantly postoperatively, with
levels of 9.3 +/- 0.5 nmol/ml at baseline vs 7.6 +/-0.4 at 3 months, and 7.3 +/- 0.3 at 6 months
(p<0.05). Specifically, gastric bypass resulted in reduced levels of C14:0, C16:0, C20:0, and
C24:0. The improvement in insulin sensitivity correlated with the change in total ceramide levels
(r=0.68, p=0.02) and with plasma TNF-α (r=-0.62, p=0.04) at 6 months post-surgery. This study
provides evidence that ceramides can be lowered by decreasing adipose tissue.
While not the primary endpoint of many studies, BMI has been assessed in studies
analyzing ceramides. Haus et al. saw that C18:0, C20:0, and C24:1 were increased in the plasma
of obese subjects with a diagnosis of Type 2 diabetes compared to healthy controls.23 In a study
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analyzing ceramide risk score or components of the risk score, Meeusen et al. saw a minima l
association with C18:0 and C18:0/24:0 (R2 <3%) in participants with a clinically ordered coronary
angiography.20
This evidence presents a link between obesity and ceramides and suggests that weight loss
has the potential to decrease ceramide levels. However, BMI was not specifically addressed in the
majority of studies looking at ceramides involved in the ceramide risk score, even though obesity
is a risk factor for CVD. Only one study looked at the associations between weight loss and
ceramides, showing there is still a gap in the literature on how to effectively lower ceramide levels.
Diet and Ceramides
Diet and its relationship to ceramide levels is a largely unexplored topic, with only a few
intervention studies available for review. Ceramides are potentially modifiable by diet, as the
substrates of de novo ceramide synthesis depends on the availability of free fatty acids, specifica lly
palmitate.8 Palmitate is a saturated fatty acid, with food sources including milk and milk products,
red meat, and palm oil. Sources of palm oil include cookies, crackers, and other processed foods
that are frequently overconsumed. In addition, hormones that are increased in obesity increase
synthesis of ceramides, and dietary changes have been shown to reduce obesity.10
Adhering to dietary patterns rather than single nutrients is a target when aiming to reduce
chronic disease risk because dietary components are consumed together and are correlated with
one another.3,24 Specifically, the Healthy Eating Index (HEI), which measures adherence to the
U.S DGA’s, has been shown to reduce risk of CVD.3 Participants with better adherence to this
index had over 12% decreased risk of CVD mortality in a study of 23,502 Americans.3 Traditio na l
biomarkers of CVD (LDL cholesterol and triglycerides) have also been shown to be decreased
with better adherence to the HEI.25 As ceramides are now being used as a biomarker of CVD, it is
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important to examine what is known about the association between ceramide levels and diet, a
modifiable CVD risk factor.
Overfeeding
Excess caloric consumption has been linked in a number of studies to increased ceramide
levels. When considering how diet can change ceramide levels, Heilbronn et al.26 assessed how
quickly overfeeding can change the lipidomic profile. Forty healthy individuals were overfed
approximately 1,250 kcal per day for 28 days, and the specific ceramides C16:0, C18:0, C20:0,
C22:0, C24:0 and C24:1 were analyzed. Results showed that C22:0 and C24:0 increased
significantly compared to baseline after the 28 days of overfeeding. This study points to the impact
of excessive calorie intake on ceramide levels. This study also did not target a specific
macronutrient when overfeeding; rather, a ratio of carbohydrates (40%) to protein (15%) to fat
(45%) within the 1,250 kcal per day excess was recommended and provided.
In another study on excess calorie consumption, Luukonen et al.27 overfed participants to
assess the metabolic effects of a hyper caloric diet and tested whether these effects depend on
macronutrient composition of the diet. They hypothesized that overconsumption of simple sugars
and saturated fat increases availability of saturated fatty acids (SFAs) and thereby ceramide
synthesis, and that saturated but not unsaturated fat or simple sugar diets may further increase
ceramide synthesis. 38 overweight adult subjects were randomized to one of three interventio n
groups at baseline: excess energy (1,000 kilocalories) predominately from saturated fat,
monounsaturated fat or simple sugars. Participants were prescribed the diet for 3 weeks. Ceramide
species measured were C23:0, C24:0, C24:1, C26:0, and C26:1. At baseline, the three groups were
comparable with respect to demographics and health characteristics. In the saturated fat group, the
sum of all plasma ceramides increased significantly by 49% (p<0.001). There were no changes in
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plasma ceramides in the unsaturated fat or the simple sugars group. The increase in total plasma
ceramides was significantly higher than in the saturated fat group compared to the unsaturated fat
group (p<0.05) and the simple sugar group (p<0.001). These findings suggest that excess saturated
fat and not unsaturated fat or simple sugars increase ceramides.
Similar to the previous study, Kien et al.28 used a randomized crossover trial design to
compare a diet high in palmitic acid (PA) to a diet low in PA and high in oleic acid (OA) on insulin
sensitivity in women and men. Palmitic acid is a saturated fatty acid and oleic acid is a
monounsaturated fatty acid. Total ceramide concentrations were higher during the high PA diet in
both the fasting and fed states in both women and men, and nearly every ceramide species
measured in serum increased in response to the high PA diet. However, one major limitation of
this study is that they did not report specifically which ceramides made up the total concentratio n.
As the studies by Heilbronn et al.26 and Luukonen et al.27 showed, 21- 28 days of
overfeeding is enough to notice significant increases in the lipidomic and ceramide profile of
individuals. The studies by Luukonen et al.27 and Kien et al.28 point to saturated fat as a target of
ceramide increase. However, a lack of uniformity in ceramide measurements was seen between
the three studies, making it difficult to make direct comparisons. Regardless, changes in ceramides
were seen in short term interventions, making it likely that a dietary intervention lasting three or
more weeks could possibly invoke decreases in ceramides. Dietary intervention studies with the
goal of decreasing ceramide levels have the potential to provide more information on how a healthy
diet could potentially lower ceramides.
Dietary patterns
Adhering to healthy dietary patterns that target the entire diet have been shown to reduce
CVD risk.3 For example, the Mediterranean-style eating pattern has been widely recognized as a
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diet to decrease CVD risk.29 Characterized as high in fruits, vegetables, whole grains, unsaturated
fats, and low in dairy, processed meats, and sweets,29 this dietary pattern has been suggested to
reduce LDL oxidation and improve HDL cholesterol. Furthermore, this dietary pattern is low in
the substrates required for ceramide synthesis. The Nordic Diet is a similar dietary pattern with
slight geographical region differences that has also been assessed in regard to ceramides.30 The
associations between ceramides and dietary patterns have been a target of a few interventio n
studies.
Wang et al.31 used participants from the PREDIMED trial to examine the associations
between baseline plasma ceramide concentrations and incident clinical events of CVD, and also
to see if the association between baseline plasma ceramide concentrations and incident CVD was
modified by Mediterranean Diet (MedDiet) interventions. The sample size of this study was 980
participants, which included 230 incident cases of CVD. Adherence to the Mediterranean diet was
assessed via questionnaire, given out by a dietitian at yearly follow-ups. Participants were
randomly allocated to one of 3 groups for the intervention: a control group, a MedDiet group
supplemented with Extra-Virgin olive oil (EVOO), and a MedDiet group supplemented with nuts.
The control group were advised to stick to their typical dietary habits. Compliance to the MedDiet
was monitored annually by a 14-item MedDiet screener and by measuring biomarkers of key foods
in the MedDiet in random samples of participants. Ceramides measured in the analysis were C16:0,
C22:0, C24:0, C24:1, and a weighted sum of these ceramides referred to as a “ceramide score”.
Notably, these are not the ceramides in the ceramide risk score. The ratios C16:0/24:0, C22:0/24:0,
and C24:1/24:0 were also analyzed. At baseline, C24:0 had the highest concentration in plasma,
while C16:0 had the lowest concentration. C16:0 (HR 2.39, p<0.001), C22:0 (HR 1.91, p=0.003),
C24:0 (HR 1.21, p=0.004), and C24:1 (HR 1.73, p=0.11) were positively associated with CVD
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risk at baseline. The ratios C22:0/C24:0 and C24:1/C24:0 were not significantly associated with
incidence of CVD. HR for CVD events were higher for participants who had a higher ceramide
score and were in the control group (2.76, 95% CI, 1.72-4.44), compared to the HR’s of
participants with a lower ceramide score and randomized to the control group (1.07, 95% CI 0.641.78) and participants with a higher ceramide score and randomized to either of the two active
intervention arms (MedDiet with nuts and MedDiet with EVOO). However, one-year changes in
ceramide concentration were not significantly different among participants in either of the two
intervention groups and those in the control group.
Toledo et al.32 also used data from the PREDIMED trial to evaluate three factors: the
associations between lipid species and the risk of CVD, a MedDiet intervention and 1 year changes
in lipid species, and 1 year changes in lipid species and subsequent CVD. The lipid species C16:0,
C22:0, C24:0, and C24:1 were profiled at baseline and after 1 year of the PREDIMED interventio n
in 983 participants. Intervention groups were the same as described above. Lipid species were
collected via blood draw at baseline and after one year of the intervention. Results showed that
among other lipid species, ceramide C16:0 and C22:0 were significantly and directly associated
with risk of CVD. However, after one year of the intervention, there were no statistica lly
significant differences in any of the ceramides between any of the intervention groups with the
control.
While these two studies focused on the Mediterranean diet pattern within the same
randomized trial, Lankinen et al.30 investigated how a healthy Nordic diet affects fasting plasma
lipidomic profile in subjects with metabolic syndrome. One hundred fifty-six participants were
randomized to the healthy Nordic diet, which was characterized as a diet high in whole grains,
fruits and vegetables, berries, vegetable oil and margarines, fish, low-fat milk products, and low-
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fat meat, or the average Nordic diet, which included low-fiber cereal products, dairy fat-based
spreads, regular-fat milk products, and a limited amount of fruits, vegetables, and berries. The
ceramides C22:0, 24:0, and 23:0 were measured at baseline, week 12, and end (week 18-24). At
week 12, statistically significant decreases in all ceramides were seen in the healthy Nordic Diet
group compared to the control group. However, these differences were no longer significant at the
end of the intervention period. Regardless, this study indicated that it is possible to decrease
ceramides in as little as 12 weeks of dietary intervention.
In a separate dietary intervention study, Lankinen et al.33 investigated how fatty fish or lean
fish in the diet affect serum lipidomic profiles in subjects with coronary heart disease. 33 subjects
with MI or unstable ischemic attack were participants in the 8-week parallel controlled
intervention. 11 were randomized to the fatty fish group (i.e. salmon, rainbow trout, Baltic herring,
whitefish, vendace), 12 to the lean fish group (i.e. pike, pike-perch, perch, saithe, and cod), and 10
served as the control. Both fish groups consumed 4 fish meals per week, while the control group
was limited to one fish meal per week in addition to pork, beef, and chicken. Ceramide species
measured were C23:0 and C24:1. Notably, there were not significant differences between the three
groups at baseline. The results showed that ceramides C23:0 and C24:1 decreased significantly in
the fatty fish group compared to the control group at the end of the intervention., with authors
concluding that increased intake of long chain n-3 fatty acids diminished ceramides in the fatty
fish group.
While it appears that dietary interventions with healthful eating patterns have the ability to
decrease ceramides, studies on this topic lack consistency among ceramides analyzed. Further,
after one year, the MedDiet intervention in the PREDIMED trial did not change plasma ceramide
levels.31,32 Adhering to a Nordic Diet showed the ability to decrease ceramides after 12 weeks, as
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did fatty fish intake. Only two dietary patterns (the Mediterranean and Nordic diets) were assessed,
which were specific to the regions in the study. In order to understand the impact that diet has on
ceramides, more studies need to be done assessing uniform ceramides and looking at other dietary
patterns.
Conclusion
After analyzing the published literature on ceramides and their relationship to CVD, the
evidence suggests that there is a link between elevated ceramides and higher risk of CVD and
greater mortality from CVD. Specifically, C16:0, C18:0, C24:1, and their ratios to C24:0,
showed increased risk of CVD events or mortality in five studies.6,11,18–20 In these studies, C24:0
was negatively associated with CVD risk. Further, a higher ceramide risk score showed
increased risk of CVD events or mortality in multiple studies.11,18,20 Obesity, a risk factor for
CVD, also consistently showed a relationship with elevated ceramides.13,22,23 Diet, considered a
modifiable risk factor for CVD, has been explored in regard to ceramides. Overfeeding studies
showed that increases in ceramides were present after only 3-4 weeks of excess calorie
consumption,26–28 and specifically saturated fat in two studies.27,28 Dietary intervention studies
with the aim of decreasing ceramides are inconsistent and sparse. Only two dietary patterns- the
Mediterranean diet and the Nordic Diet- were analyzed for associations with ceramides in Spain
and Finland, respectively.30–32 No studies looked at adherence to other dietary patterns that have
been shown to reduce CVD risk and obesity, such as the U.S. DGAs. Therefore, analyzing
specific dietary patterns that have been associated with reduced CVD risk and reduced obesity,
such as the HEI, would be the logical next steps in order to close the knowledge gap between
ceramides, diet, and CVD.
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Abstract
Ceramides are a class of lipids that have been implicated in the pathogenesis of cardiovascular
disease (CVD). A commercial test of ceramides has been offered by the Mayo Clinic to assess
CVD risk via a ceramide risk score, but it is unclear how to lower the score. Previous literature
shows that ceramides can be modified by statin use, weight loss, and exercise, but the
relationship to diet and body mass index (BMI), both modifiable risk factors for CVD, is largely
unknown. The purpose of this cross-sectional study was to determine the association of the
Healthy Eating Index 2015 (HEI-2015) and BMI with circulating ceramides in middle-aged
adults (n=96). Dietary intake was assessed using three 24-hour recalls and Nutrition Data System
for Research (NDSR) software. Diet quality was estimated using the HEI-2015. Serum ceramide
concentrations were determined by quantitative liquid chromatography mass spectrometry
(LC/MS). A ceramide risk score was calculated based on published metrics. After adjusting for
confounding cardiovascular risk factors, BMI (kg/m2 ) was positively associated with C18:0
(R2 =0.31, p<0.0001), C18:0/C24:0 (R2 =0.30, p<0.0001) and the ceramide risk score (R2 =0.11,
p<0.009). HEI-2015 was inversely associated with C22:0 (R2 =0.42, p=0.02). These findings
suggest that BMI is more predictive of ceramide concentration than diet quality as measured by
the HEI-2015 in this sample. Studies to determine if reduction in weight status results in lower
ceramide risk scores in humans are needed.
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Introduction
Cardiovascular disease (CVD) is one of the leading causes of death worldwide.1 In the
United States (U.S.), one in four people die of CVD each year.2 Traditional risk markers of CVD
include elevated LDL cholesterol, elevated triglycerides, decreased HDL, and elevated blood
pressure.3 However, studies assessing CVD mortality have shown that LDL may not always
identify populations at high CVD risk. In a study assessing LDL levels of over 137,000 patients
hospitalized for a cardiovascular event, over half of the patients had LDL within a normal range, 4
suggesting that those at CVD risk are not being identified before the disease progresses to a
cardiovascular event. Recent advances in mass spectroscopy have allowed for the measuring of
several new small-molecule metabolites that may be prognostic markers for CVD,5 one of which
are ceramides.
Ceramides are a class of lipids that play a role in cell differentiation, apoptosis, and
inflammation,6 which contribute to the progression of chronic disease, specifically atheroscleros is
development.7 Due to six different ceramidase enzymes, there are many structurally unique
ceramides in the body with differing functions.8–11 In 2016, the Mayo Clinic began offering a
commercial test of the ceramides specifically associated with increased CVD risk.12 Patients can
now have their ceramides measured and a “risk score” determined. The risk score is based on three
specific ceramides that have been associated with CVD mortality, and their ratios to C24:0, a
ceramide not shown to be associated with CVD.8,13–15 Participants classified as “higher risk” are
four times more likely to suffer a CVD event than those at lower risk,13,14 but it is not clear how to
lower the ceramide risk score and thereby reduce CVD risk. Studies have shown that ceramides
can be modified through exercise,16 statin use,8 and weight loss.17 Only one study has shown that
ceramides can be lowered by weight loss, and this was achieved through gastric bypass surgery,1 7
suggesting a link between ceramides and obesity.
26

The relationship between diet, a modifiable risk factor for CVD, and ceramides is largely
unknown. Short-term intervention studies have shown that caloric excess and increased saturated
fat intake increase ceramide levels.18–20 In one study, an intervention with the Nordic diet reduced
ceramides, specifically C22:0.
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In another study, participants who adhered to the Mediterranean

dietary pattern had reduced CVD risk compared to a control group, but no changes in ceramides
were observed after one year.22 LDL, the most widely used method for assessing CVD risk and
therefore most commonly studied, has been shown to be reduced in people who adhered to the
U.S. Dietary Guidelines for Americans (DGAs) as assessed by the HEI-2010.23 Another study
showed that adhering to the HEI-2010 reduced CVD mortality.
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However, no studies have

assessed how adherence to the updated HEI-2015 impacts ceramides or the ceramide risk score. A
lack of consistency among specific ceramide species studied and inconsistent results with diet has
made it difficult to understand the factors that can lower the ceramide risk score. Therefore,
determining if circulating ceramides involved in the risk score are associated with modifiable risk
factors for CVD, such as diet and body mass index (BMI), a measure of obesity, through crosssectional studies is the first step in order to guide the possible development of dietary strategies to
lower ceramides and thus, CVD risk.
The purpose of this study was to determine if the HEI-2015, a measure of adherence to the
U.S DGAs, and BMI were associated with serum ceramides in a middle-aged population with at
least one risk factor for CVD. It was hypothesized that higher diet quality as measured by the HEI2015 would be inversely related to ceramides and the ceramide risk score. In addition, it was
hypothesized that higher BMI would be associated with higher ceramides and ceramide risk score.

Methods
Study Sample and Design
27

In this cross-sectional study, data were analyzed from 96 participants 45 to 64 years of
age who took part in a diet and cardiovascular risk assessment study. Study protocol
(1507753607) was approved by West Virginia University (WVU) Institutional Review Board.
All participants provided informed consent prior to participation and received a $100 gift card
upon completion of the study. Participants were recruited from two counties in north central
West Virginia by word-of-mouth and community advertising. Exclusion criteria included:
current smokers, current diagnosis of cancer or kidney, heart or liver disease; surgery 6 months
prior; anti-inflammatory or anti-coagulant medication use; major diet/appetite change 3 months
prior or abuse of alcohol or other substances.
The study consisted of three modes of data collection: a series of three telephone
interviews to assess dietary intake; an online survey administered using REDCap (Research
Electronic Data Capture), a secure web-based application designed to support data capture for
research studies and hosted at WVU;25 and an in-person health assessment. At the in-person
session, anthropometric and blood pressure measurements were taken by research staff, and a
fasting venous blood draw was performed by a trained phlebotomist.
Demographic and Health-related Data
Demographic data (i.e. age and sex) and smoking history were self-reported via the
online survey. Participants provided their health and medication history at the in-person visit. A
portion of the blood collected at the in-person visit was analyzed by WVU Hospital lab [i.e. LDL
cholesterol, HDL cholesterol, non-HDL cholesterol, triglycerides, glucose, insulin, C-reactive
protein (CRP) and fibrinogen]. Insulin sensitivity was assessed by the homeostatic model
assessment of insulin resistance (HOMA-IR) using glucose and insulin values. Participants were
classified as having a health condition (hypertension, dyslipidemia, diabetes, or metabolic
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syndrome) if any one of the three criteria were met: 1) they self-reported ever having been
diagnosed with the condition by a health care provider, 2) they reported taking a medication used
to treat the condition, or 3) their researcher-obtained laboratory values or blood pressure (BP)
measurements met standard diagnostic cut-off values (pre-diabetes or diabetes if fasting plasma
glucose >100 mg/dL;26 dyslipidemia if LDL ≥100 mg/dL or triglycerides ≥150 mg/dL;
hypertension if systolic BP was >120 or diastolic was BP was >80 mm Hg;27 and the metabolic
syndrome if they met 3 of the 5 factors defined by the AHA’s diagnostic criteria).28
BP was measured using the Omron HEM-907XL Intellisense® Automatic Oscillatory
Digital Blood Pressure automatic inflation sphygmomanometer (Omron Health Care, Lake
Forest, IL).29 A single researcher performed all blood pressure measurements. Arm
circumference was measured to the nearest 0.1 cm in order to determine cuff size based on
manufacturer recommendations. With the participant in a seated upright position and after an
initial rest of 5 minutes, the machine took three blood pressure measurements at 30-second
intervals; the average reading was used for analysis.30
Anthropometric and body composition measurements were taken using standardized
protocols, with participants fasted, lightly clothed and without shoes. Measurements were
recorded in duplicate and averages were used for analysis. Height (cm) was measured using the
Seca 274 digital mobile stadiometer (Seca, Hamburg, Germany). Weight (kg) and fat mass index
(FMI) (kg/m2 ) were measured using the Seca medical Bioelectrical Composition Analyzer
(mBCA) 514 (Seca, Hamburg, Germany). BMI was calculated as weight (kg)/height (m2 ) and
was classified using World Health Organization classifications.31 Waist and hip circumference
(cm) were measured using a Gulick II Tape Measure. Waist circumference (WC) was measured
at the iliac crest; values >102 cm for men and >88 cm for women were classified ‘at risk’.31 Hip
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circumference was measured at the maximum point of protuberance of the buttocks. Waist-hip
ratio (WHR) was calculated as waist circumference (cm)/hip circumference (cm); values were
classified as ‘at risk’ if WHR was ≥0.90 cm for men and ≥0.85 cm for women.
Diet Quality
Dietary intake data was collected and assessed using three 24-hour dietary recalls and
Nutrition Data Systems for Research (NDSR) software version 15 (2015) developed by the
Nutrition Coordinating Center, University of Minnesota, Minneapolis, MN. Self-reported dietary
intake was obtained via telephone interview by trained research personnel using the NDSR fourpass method on non-consecutive days (one weekend and two weekdays). Food and nutrient data
was transformed a priori into the HEI-2015. The minimum and maximum scores by food
categories of the HEI-2015 are provided in Supplemental Table 1.
The HEI-2015 was created by the U.S. Department of Agriculture and the National
Cancer Institute32 and measures adherence to the 2015-2020 Dietary Guidelines for Americans
(DGAs).33 The HEI-2015 score includes 13 components (nine adequacies and four moderation)
and uses a density approach to set serving standards. To calculate the HEI-2015, NDSR output
data was transformed into HEI component variables using NDSR’s unpublished guide.34 Food
group servings (total fruits, whole fruits, total vegetables, greens and beans, whole grains, dairy,
total protein foods, seafood and plant proteins, and refined grains) were converted to total
servings per 1,000 kilocalories and sodium intake to mg per 1,000 kilocalories. A ratio of
polyunsaturated fatty acids (PUFAs) and monounsaturated fatty acids (MUFAs) to saturated
fatty acids (SFAs) was generated by dividing the sum of PUFAs and MUFAs by SFAs. Added
sugars and saturated fats were assessed as percent of kilocalories. Once the NDSR components
were in consistent units with the HEI metric, the simple HEI scoring algorithm method for
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multiple days of intake data was applied.32 Component scores were summed for a total score
ranging from 0-100, with higher scores indicating better adherence to the 2015 U.S. DGAs.
Serum Ceramides
Lipidomics analysis was conducted by the WVU Metabolomics Core using liquid
chromatography mass spectrometry (LC-MS). Serum samples were extracted using a modified
Bligh and Dyer procedure using C12:0-ceramide as an internal standard (Avanti Polar Lipids,
Alabaster, AL) using previously described methods.35,36 Following liquid- liquid extraction, the
organic layer was dried under nitrogen gas (Organomation Associates Inc., Berlin, MA) and resuspended in pure methanol before analysis. Ceramides were separated by gradient elution using
UHPLC (ExionLC AD, SCIEX, Framingham, MA) on a C18 reverse-phase column
(Phenomenex, Torrence, CA). Ceramides were detected using ESI-MS/MS as previously
described (QTRAP 5500, SCIEX).37 Ionspray source voltage was 5,000 V at a temperature of
500°C. Nebulizer, heater, curtain, and collision gas pressures were maintained at 70, 60, 28, and
9 psi, respectively. Ceramide ionization parameters were optimized individually, ranging from
declustering potential 30-50 V, entrance potential 10-15 V, collision energy 32-37 V, and
collision cell exit potential 13-17 V. Ceramides were measured by multiple reaction monitoring
of the protonated molecular ion with transition ion of 264.2 m/z. Eleven-point calibration curves
(0.1ng/mL to 10µg/mL) were constructed by plotting the area under the curve for C16:0-, C18:0, C22:0-, and C24:0-ceramide (Avanti Polar Lipids). Fluctuations in extraction and ionization
efficiencies were controlled by normalizing to the C12:0-ceramide response and samples were
re-run if the internal standard response deviated more than 20% from its median value.
Concentrations were determined by curve fitting the identified ceramide species based on acylchain length. Standards were injected in duplicate to ensure similar response (the overall mean
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CV was 12.08%; R2 ≥ 0.985). Instrument control and quantitation were performed using Analyst
1.6.3 and MultiQuant 3.0.2 software, respectively (SCIEX).
Ceramides used in this analysis included those identified in the literature as being related
to diet or CVD risk: the six used by the Mayo Clinic’s ceramide risk score (C16:0, C18:0, and
C24:1 and their ratios to C24:0) and two additional ceramides (C20:0 and C22:0). A ceramide
risk score was calculated by assigning a value 0-2 to each of the six ceramide components that
make up the risk score based on published cut-points.13,14 The six component scores were
summed for a total ceramide risk score ranging from 0-12, with higher scores indicating higher
risk of adverse cardiovascular events. The scores were categorized into one of four risk groups
[no risk (0-2), moderate risk (3-6), increased risk (7-9) and higher risk (10-12)]. For this study,
score were collapsed into two categories (no risk and moderate risk) as only three participants
had scores in the increased risk category and none were in the high risk category.
Statistical Analysis
Demographic and health-related data were reported as means and standard errors of the
mean (SEM) or frequency with percentage, when appropriate. Ceramides and blood biomarkers
[i.e, cholesterol, triglycerides, glucose] for CVD were log-transformed to achieve normal
distribution. Medians and interquartile ranges were reported for non-normally distributed
variables. To assess differences between ceramide risk score categories for all demographic and
clinical characteristics, Student’s t-test or Chi-square tests were performed, when appropriate.
Bivariate analysis was performed to assess the relationship between potential confounding
variables (demographics, health conditions, CVD biomarkers, inflammatory markers, and
lifestyle factors) and each individual ceramide and the ceramide risk score. The BenjaminiHochberg procedure was performed in order to control for excessive Type I error due to multiple
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analyses, with a false discovery rate set to 10%. The variables that remained significant after the
Benjamini-Hochberg procedure were entered into a stepwise regression model, with alpha-toenter set at 0.15 and alpha-to-remove set at 0.15. This enabled us to estimate the effect of
multiple variables on ceramides and ceramide risk score. The variables that remained significant
were included in the adjusted model. Multiple linear regression models were done to assess the
hypothesized relationship between the HEI-2015 diet quality score and BMI on a continuous
scale with individual ceramides along with the ceramide risk score. These models enabled us to
assess if the HEI-2015 or BMI were associated with ceramide levels, when adjusted for other
significant clinical, demographic or lifestyle characteristics. BMI was further analyzed
categorically against each individual ceramide and the ceramide risk score using one-way
ANOVA and Tukey’s HSD for comparison of BMI categories (normal, overweight, and obese).
All data analyses were performed using JMP and SAS software (JMP®, Version Pro
12.2, SAS Institute Inc., Cary, NC, Copyright ©2015; SAS®, Version 9.4, SAS Institute Inc.,
Cary, NC, Copyright ©2002-2012). Significance criterion alpha for all tests was 0.05.
Results
Subject Characteristics by Ceramide Risk Category
Overall, the mean age of the sample was 54 ± 4.7 years old and most were non-Hispanic
white (95.8%), college educated (57.3%) and had annual household incomes greater than
$50,000 (67.4%). The average BMI was 30.85 ± 7.23 and just over half (51.1%) were classified
as “obese”. Over half were women (57.3%). When participants were categorized by ceramide
risk scores classification, 58.3% were in the low risk group, 38.5% were at moderate risk, 3.1%
at ‘increased risk’ and 0% were at ‘high’ risk. The moderate and increased-risk groups were
collapsed for descriptive purposes. Sociodemographic and health-related characteristics by
ceramide risk category are presented in Table 1. Participants classified at ‘moderate risk’
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compared to ‘low-risk’ had significantly higher BMI and FMI, elevated fibrinogen levels (35.0%
compared to 14.3%, p=0.02), higher rates of metabolic syndrome (52.5% vs 28.6%, p=0.02), and
had formerly smoked (62.5% compared to 41.1%, p=0.04).
Relationship between Covariates and Serum Ceramide
Table 2 depicts the results of bivariate analysis of CVD risk factors by individual
ceramides and the ceramide risk score. Age, gender, income, statin use, and hypertension were
not significantly associated with any of the ceramides or the ceramide risk score. All of the
adiposity measures (i.e., WC, WHR, and FMI); several laboratory values (LDL, HDL, non-HDL,
triglycerides, glucose, insulin, HOMA-IR, fibrinogen and CPR); having a diagnosis of diabetes
and metabolic syndrome, and being a former smoker were each significantly associated with at
least one ceramide or the ceramide risk score. However, after stepwise regression, only FMI,
LDL, HDL, non-HDL, glucose, and fibrinogen remained significantly associated with individual
ceramides or the ceramide risk score, and therefore were the only covariates included in the
adjusted models.
Relationship of Diet Quality and BMI with Serum Ceramides
Table 3 shows associations between the HEI-2015 and BMI with ceramides and the
ceramide risk score. Ceramides not listed in the table, C16:0, C24:0, and C24:1/24:0, were not
associated with any of the outcome variables. In unadjusted models, diet quality measured by
HEI-2015 was inversely associated with C22:0. BMI was associated with C18:0, C16:0/24:0,
C18:0/C24:0 and the ceramide risk score. After adjusting each ceramide for its specific
confounding variables, the only ceramide related to diet quality was C22:0, which remained
inversely associated with HEI-2015. BMI remained positively associated with C18:0,
C18:0/C24:0 and the ceramide risk score after adjusting for covariates.

34

Figure 1 depicts ceramide values by BMI category. Of the 96 participants, 22 (22.9%)
were classified as normal, 25 (26.0%) overweight, and 49 (51.0%) obese. The ceramide values
were significantly higher in participants classified as obese compared to those classified as
normal weight for four of the six ceramide values used in the ceramide risk score (C16:0, C18:0,
C18:0/24:0, C24:1/24:0) and additionally, C20:0. Four of the six ceramides values in the risk
score (C16:0, C18:0, C16:0/24:0 and C18:0/24:0) were significantly higher in participants
classified as overweight compared to normal weight. Participants classified as obese had
significantly higher C18:0 than participants classified as overweight. Figure 1 shows the
ceramide risk score by BMI category. The risk score increased by BMI category and was
significantly higher between participants classified as normal weight versus obese (p=0.001).
Discussion
In the present cross-sectional study investigating the association between diet quality,
BMI, and ceramides, we found that BMI was positively associated with C18:0, C18:0/24:0, and
the ceramide risk score. We did not see an association between the HEI-2015 and the ceramides
involved in the ceramide risk score or the ceramide risk score itself, but we found that adherence
to the HEI-2015 was inversely associated with C22:0, a ceramide associated in the literature with
diet but not included in the ceramide risk score.
BMI
We found that BMI measured on a continuous scale was positively associated with
C18:0, C18:0/24:0, and the ceramide risk score, after adjusting for confounding variables. These
findings are similar to previous studies that analyzed ceramides and BMI. Higher BMI was
associated with higher concentrations of C16:0, C18:0, C20:0, C22:0, and C24:1 in a middleaged population,38 and another study showed that C18:0, C20:0, and C24:1 were elevated in
obese individuals who also had a diagnosis of Type 2 diabetes.39,40 Research shows that
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circulating free fatty acids are elevated in obese individuals, which serve as substrates for
ceramide synthesis and could lead to an overproduction of ceramides.41 Once excess ceramides
accumulate, C18:0 specifically has been shown to reduce fatty acid oxidation capacity, leading to
accumulation and storage of fat.41 Thus, there appears to be a link bewteen obesity and increased
production and accumulation of ceramides.
Ours was the first study to demonstrate that BMI is positively and significantly associated
with the ceramide risk score. Even without participants in the two highest ceramide risk score
categories, we found that participants in the moderate risk category had significantly higher
ceramides than participants in the low risk category. This suggests that weight loss could
decrease the ceramide risk score and thus reduce CVD risk, even in participants identified by the
ceramide risk score as at moderate risk for CVD. Only one study has analyzed the influence of
weight loss on ceramides, and this was through gastric bypass surgery in severely obese
individuals.17 Multiple ceramide species were decreased in this population 3 months after
surgery.17 While gastric bypass surgery is used only in severe cases of obesity, these results
suggests that reducing BMI through less invasive measures, such as long-term dietary
interventions, could potentially decrease ceramide accumulation and corresponding CVD risk.
Diet
While we did not see associations between ceramide species that make up the ceramide
risk score or the risk score with diet quality after adjustments for confounding CVD risk factors,
we did see that greater adherence to the HEI-2015 was associated with lower C22:0. There is
limited research on the associations between diet quality measures and ceramides, and ours was
the first study analyze the HEI-2015 and adherence to the U.S. DGAs, a dietary pattern known to
reduce CVD risk.24,42 While C22:0 is not part of the ceramide risk score, previous literature
shows it is positively associated with CVD risk22,43 and has been shown to be modifiable by diet.
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One dietary intervention on the Nordic Diet reported decreases in ceramide concentrations and
specifically C22:0 after 12 weeks, but not after 24 weeks.21 Heilbronn et al. also observed
elevated C22:0 in participants who were overfed 1,250 kilocalories per day.18 De novo ceramide
synthesis depends on the availability of free fatty acids, specifically the saturated fat palmitate.6
Overconsumption of this saturated fat may result in excess ceramide accumulation , and lowering
saturated fat consumption could perhaps be a target for dietary interventions to decrease
ceramides. Future studies on the relationship between ceramides and diet quality are needed,
specifically long-term intervention studies to assess changes in ceramides after improvements in
diet quality.
When stratified by risk score category, we did not see an association between the HEI2015 and ceramide risk score categories. On average, participants in the moderate risk category
had lower diet quality scores than participants in the low risk category, but this relationship was
not statistically significant. We did not have participants in the high risk category, and only three
participants in the increased risk category. We may have seen this trend continue and possibly
become significant if we had a population with participants in the increased and high risk
categories of the ceramide risk score.
Covariates
Similar to other studies, the most abundant serum ceramides in the body were C24:0,
C24:1, and C22:0.44 Also similar to other studies, CVD biomarkers, which included LDL, HDL,
and non-HDL cholesterol, were positively associated with multiple ceramides.13–15 Past smoking
history was also associated with the ceramide risk score. Smoking is a risk factor for CVD,45 and
even though we did not include current smokers, our results indicate that being a former smoker
could be related to increased ceramides and CVD risk. Smoking has been shown to increase
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endothelial dysfunction,45 which is also a trademark of ceramides, leading to CVD progression.
Additionally in our population, C24:0 was positively associated with LDL, non-HDL, and
triglycerides, but inversely associated with fibrinogen, a clotting factor shown to be elevated in
patients with CVD.46 Studies have suggested that C24:0 is not related to CVD risk,8 and further
studies on the ceramide risk score have shown that C24:0 is not predictive of CVD.13,15,47
However, in two studies, C24:0 was elevated in patients with insulin resistance,39,40 a risk factor
for CVD. Thus, C24:0’s role in disease pathogenesis is still unclear and could possibly differ
among disease states.
We did not see associations between statin use or hypertension and any of the ceramides
or ceramide risk score. Ceramides involved in the ceramide risk score and the ceramide risk
score itself have been studied in the context of their predictive capacity of CVD or
cardiovascular end points and mortality in a number of studies.13,15,47,48 While our population did
have at least one risk factor for CVD, we did not specifically seek out the participants with a
diagnosis of CVD, whereas studies on this topic used populations who had diagnosed CVD.
Overall, our population had lower serum ceramides than those reported in other studies that
investigated these ceramides.13,15,47 Two large observational studies that used the ceramide risk
score found that participants with a score of 10-12 (high risk) had a four-to six-fold increase in
risk events compared to patients with a score of less than or equal to 2 points. Over half of our
population had a risk score less than 2 points. This lack of variability among risk score categories
may explain why we did not see ceramides or the ceramide risk score associated with statin use
or hypertension, which has been seen in other studies.8,47
Strengths and Limitations
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One strength of this study was the use of multiple 24-h recalls performed by trained
research personnel to estimate nutrient intake. We also analyzed and reported data on ceramides
distinctly related to CVD and the ceramide risk score, which have not been studied alongside
BMI and the HEI-2015. However, this study was not without limitations. Our sample size of 96
was small and a convenience sample. The majority of our participants were non-Hispanic white,
which is characteristic of West Virginia but makes it difficult to generalize our findings to other
populations. The cross-sectional study design does not allow us to look at long term changes in
ceramides over time, inhibiting our ability to make conclusions about what factors can increase
or decrease ceramide levels. Further, some of our data relied on self-report, such as dietary
intake, medications, and medical conditions. There are inherent limitations with self-reported
intake data, specifically under-reporting of diet intake49 or failing to report all medications used.
Conclusion
This study showed that middle-aged adults with obesity had higher circulating C18:0 and
C18:0/24:0, and higher ceramide risk scores than those who were normal weight or overweight.
Higher BMI remained independently associated with higher ceramide levels after adjusting for
confounding variables. Future studies are needed to determine if reduction in weight status
results in lower ceramide risk scores in humans, and if interventions to increase diet quality
would be effective in lowering ceramides and thereby the ceramide risk score.
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Tables and Figures
Table 1. Participant characteristics stratified by ceramide risk category
All
N=96

Low Risk
n=56

Mode rate Risk
n=40

p-value

54.30 ± 0.47
55 (57.3%)

53.95 ± 0.55
33 (58.9%)

54.8 ± 0.84
22 (55.0%)

0.40
0.70

BMI (kg/m 2 )

30.85 ± 0.74

29.22 ± 0.92

33.13 ± 1.13

0.003*

Elevated WC

70 (72.9%)

37 (66.1%)

33 (82.5%)

0.07

Elevated WHR

63 (65.6%)

36 (64.3%)

27 (67.5%)

0.74

FMI (kg/m 2 )

12.26 ± 0.55

11.00 ± 0.65

14.02 ± 0.89

0.004*

Elevated T otal Cholesterol

52 (54.2%)

30 (53.6%)

22 (55.0%)

0.89

Elevated LDL

77 (81.1%)

43 (76.8%)

34 (87.2%)

0.20

Low HDL

22 (22.9%)

12 (21.4%)

10 (25.0%)

0.68

Elevated T riglycerides

18 (18.8%)

9 (16.1%)

9 (22.5%)

0.43

Elevated Glucose

35 (36.5%)

19 (33.9%)

16 (40.0%)

0.54

Demographic Factors
Age, y
Sex, women
Health-Related Factors

Elevated Insulin

4 (4.17%)

1 (1.8%)

3 (7.5%)

0.17

HOMA-IR

1.7 (0.93-3.1)

1.6 (0.9-2.9)

1.9 (1.1-3.2)

0.19

Elevated CRP

16 (16.7%)

9 (16.1%)

7 (17.5%)

0.85

Elevated Fibrinogen

22 (22.9%)

8 (14.3%)

14 (35.0%)

0.02*

Metabolic Syndrome

37 (38.5%)

16 (28.6%)

21 (52.5%)

0.02*

Diabetes

39 (40.6%)

22 (39.3%)

17 (42.5%)

0.75

Dyslipidemia

88 (91.7%)

50 (89.3%)

38 (95.0%)

0.32

Hypertension

37 (38.5%)

18 (32.1%)

19 (47.5%)

0.13

Statin use

23 (24.0%)

13 (23.2%)

10 (25.0%)

0.84

Lifestyle Factors
Former Smoker
HEI-2015 Diet Scores

48 (50.0%)

23 (41.1%)

25 (62.5%)

0.04*

54.05 ± 1.45

55.27 ± 1.73

52.36 ± 2.49

0.34

Values are means ± SEM or frequency (percent). Abbreviations: BM I, body mass index; WC, waist
circumference; WHR, waist-to-hip ratio; FM I, fat mass index; LDL, low density lipoprotein; HDL, high
density lipoprotein; HOM A-IR, homeostatic model assessment of insulin resistance; CRP, c-reactive
protein; HEI-2015, Healthy Eating Index 2015; LDL (n=95). Low risk, ceramide risk score 0-2; M oderate
risk, ceramide risk score 3-6, including 3 participants with scores of 7 (2) and 8 (1), combined for
descriptive purposes. Student’s t-test or Chi-Square tests were used to test significance. *Significant pvalue <0.05.
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Table 2. Bivariate analysis of ceramides by risk factors for cardiovascular disease to assess for possible covariates
Risk Factor

C16:0

FMI

NS

LDL

NS

NS

0.0009; 0.05
(0.02)*

-0.35; 0.16
(<0.001)*
0.25; 0.05
(0.01)*
0.67; 0.07
(0.008)*

-0.68; 0.21
(<0.001)*

NS

NS

0.47; 0.17
(<0.001)*

1.34; 0.09;
(0.002)*

NS

Fibrinogen

NS

NS

NS

Smoking

NS

NS

WC, cm

NS

WHR, cm

NS

T riglycerides

NS

Insulin

NS

HOMA-IR

0.07; 0.06
(0.02)

CRP

NS

Diabetes

NS

MetS

NS

HDL
Non-HDL
Glucose

C18:0
0.37; 0.14
(<0.001)

0.004; 0.18
(<0.001)
0.62; 0.08
(0.006)
0.40; 0.15
(<0.001)
0.23; 0.19
(<0.001)
0.23; 0.18
(<0.001)
0.12; 0.07
(0.01)
0.06
(0.006)
0.06
(0.008)

C24:1

C16:0/24:0
0.21; 0.08
(0.003)

C18:0/24:0
0.53; 0.25
(<0.001)

C24:1/24:0
0.17; 0.06
(0.01)

NS

NS

NS

-0.24; 0.04
(0.02)
-0.30; 0.05
(0.02)
0.92; 0.08
(0.003)*
0.45; 0.11
(<0.001)*

-0.58; 0.12
(<0.001)

NS

NS

NS

NS

NS

NS

NS

0.002; 0.06
(0.02)

NS
0.16; 0.07
(0.01)

NS

NS
NS

NS
0.55; 0.28
(<0.001)*

Risk Score
2.86; 0.05
(0.01)

C20:0

C22:0

NS

NS

0.001; 0.04
(0.03)*
-0.35; 0.06
(0.007)
0.69; 0.20
(<0.001)*

0.001; 0.11
(<0.001)*
-0.33; 0.07
(0.004)
0.73; 0.30
(<0.001)*

NS

NS

NS

NS

NS

NS

NS

0.05
(0.02)

NS

NS

NS

NS

NS
NS
NS

NS

NS
-0.43; 0.14
(<0.001)*
0.05
(0.02)

0.005; 0.22
(<0.001)

0.32; 0.06
(0.01)
0.08
(0.004)*
0.002; 0.05
(0.03)

NS

NS

NS

NS

NS

NS

NS

NS

0.18; 0.10
(0.003)

NS

0.08; 0.04
(0.04)
0.10; 0.06
(0.02)

0.26; 0.20
(<0.001)
0.25; 0.18
(<0.001)
0.15; 0.09
(0.004)
0.04
(0.03)
0.09
(<0.001)

NS

NS

1.44; 0.05
(0.02)

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

1.58; 0.11
(<0.001)*
0.63; 0.09
(0.002)

C24:0
-0.15; 0.06
(0.01)*
0.001; 0.12
(<0.001)*

NS
2

NS
2

NS

0.05
(0.02)*
0.030; 0.06
(0.02)

0.40; 0.22
(<0.001)
0.15; 0.10
(0.002)
0.15; 0.10
(0.002)*

NS
NS
NS

Values reported are slope per unit change; coefficient of determination (R ) (p-value). For smoking, diabetes, and MetS, R and p-value reported. *p-values significant in bivariate analysis that remained
significant after stepwise regression and were later included in the adjusted model. Abbreviations: FMI, fat mass index; CHL, cholesterol; LDL, low density lipoprotein; HDL, high density lipoprotein; WC,
waist circumference; WHR, waist-to-hip ratio; HOMA-IR, homeostatic model assessment of insulin resistance; CRP, c-reactive protein; MetS, Metabolic Syndrome; NS, non-significant. Variables not significant
with any ceramides include: age, gender, income, statin use, and hypertension.
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Table 3. Associations in HEI-2015 and BMI with ceramides and ceramide risk score
Outcome
Variables
Unadjusted Model

Ceramides Included in the Ceramide Risk Score
C18:0
C24:1
C16:0/24:0
C18:0/24:0

Ceramide
Risk Score

Other Ceramides
C20:0
C22:0

HEI-2015

NS

NS

NS

NS

NS

NS

BMI (kg/m 2 )

0.80; 0.19
(<0.001)

NS

0.36; 0.07
(0.006)

1.02; 0.26
(<0.001)

5.97; 0.07
(0.006)

-0.002; 0.06
(0.009)

NS

NS

NS

NS

NS

NS

NS

NS

-0.002; 0.42
(0.02)

Adjusted Models
HEI-2015

0.81; 0.31
0.91; 0.30
5.58; 0.11
NS
NS
NS
NS
(<0.0001)
(<0.0001)
(0.009)
2
Values reported are slope per unite change; coefficient of determination R and (p-value). Abbreviations: HEI-2015, Healthy Eating
Index 2015; BMI, Body Mass Index; NS, not significant. Covariates used in adjusted models varied by ceramide: C18:0 (HDL-C,
glucose); C24:1 (LDL, non-HDL); C16:0/24:0 (total cholesterol, glucose, fibrinogen); C18:0/24:0 (glucose); C24:1/24:0 (smoking);
ceramide risk score (smoking); C20:0 (LDL, non-HDL); C22:0 (LDL, non-HDL).
BMI (kg/m 2 )

3
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1.8

Serum Ceramide Concentration, μmol/L

1.6

Normal (n=22)
Overweight (n=25)

1.4

Obese (n=49)
1.2
1
0.8
0.6
*

0.4
0.2
0

All
Normal
Overweight
Obese

*

*

*
*

C16:0
0.18 ± 0.001
0.16 ± 0.01
0.19 ± 0.01
0.18 ± 0.01

*

C18:0
0.09 ± 0.001
0.06 ± 0.01
0.09 ± 0.01
0.11 ± 0.001

*
C24:1
1.37 ± 0.04
1.27 ± 0.08
1.26 ± 0.08
1.46 ± 0.05

*

*

C16:0/24:0
0.04 ± 0.001
0.04 ± 0.04
0.05 ± 0.05
0.04 ± 0.04

*

*

C18:0/24:0
0.02 ± 0.001
0.01± 0.01
0.02 ± 0.02
0.03 ± 0.03

C24:1/24:0
0.33 ± 0.01
0.29 ± 0.02
0.31 ± 0.02
0.35 ± 0.01

C20:0
0.12 ± 0.001
0.10 ± 0.01
0.11± 0.01
0.13 ± 0.01

C22:0
1.56 ± 0.06
1.48 ± 0.12
1.49 ± 0.11
1.64 ± 0.08

Figure 1. Se rum ce ramide concentrations in µmol/L by BMI cate gories normal (18.5-25 kg/m 2 ), ove rwe ight (25-30
kg/m 2 ), and obe se (over 30 kg/m 2 ). Me ans and SEM of ce ramide concentrations reported. Tuke y’s HSD use d to te st
significance between the three categories. *Significant p-values le ss than 0.05
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p=0.001
*

4

Ceramide Risk Score

3.5
3
2.5
2
1.5
1
0.5
0
BMI Normal

BMI Overweight

BMI Obese

Figure 2. Ce ramide risk score by BMI categories normal (18.5-25 kg/m 2 ),
ove rwe ight (25-30 kg/m 2 ), and obe se (over 30 kg/m 2 ). Me ans and SEM for
ce ramide risk score by BMI cate gories: normal (1.36 ± 0.41), ove rwe ight (2.24 ±
0.38), and obe se (3.14 ± 0.27). Tuke y’s HSD use d to te st significance betwe en the
thre e categories. *Significant p-value =0.001
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Supplemental Table. HEI-2015 criteria for scoring
Component
Max Score
Standard for max score
Standard for minimum score (0)
T otal Fruits
5
≥0.8 cup eq/1,000 kcal
No fruit
Whole Fruits
5
≥0.4 cup eq/1,000 kcal
No whole fruit
T otal Vegetables
5
≥1.1 cup eq/1,000 kcal
No vegetables
Greens and Beans
5
≥0.2 cup eq/1,000 kcal
No dark-green vegetables or legumes
Whole Grains
10
≥1.5 oz eq/1,000 kcal
No whole grains
Dairy
10
≥1.3 cup eq/1,000 kcal
No dairy
T otal Protein Foods
5
≥2.5 oz eq/1,000 kcal
No protein foods
Seafood and Plant Proteins
5
≥0.8 oz eq/1,000 kcal
No seafood or plant proteins
Fatty Acids
10
(PUFAS+MUFAS)/SFAs ≥ 2.5
(PUFAs+MUFAs)/SFAs ≤1.2
Refined Grains
10
≤1.8 oz eq/1,000 kcal
≥4.3 oz eq/1,000 kcal
Sodium
10
≤1.1 gram/1,000 kcal
≥2.0 oz eq/1,000 kcal
Added Sugars
10
≤6.5% of energy
≥26% of energy
Saturated Fats
10
≤8% of energy
≥16% of energy
Abbreviations: HEI-2015, Healthy Eating Index 2015; PUFA, polyunsaturated fatty acids; MUFA, monounsaturated fatty acids; SFA,
saturated fatty acids
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CHAPTER 3: CONCLUSION
As ceramides are being clinically tested as a marker of CVD risk, it is important to
understand what factors contribute to elevated ceramide levels in order to formulate effective
intervention strategies to decrease ceramides. Our objective was to study the associations
between ceramides, diet quality, and modifiable risk factors for CVD such as obesity,
specifically through BMI. The current study shows that BMI is more predictive of ceramide
concentration than diet quality in this sample of middle-aged adults at risk for CVD. Future
studies are needed to determine if reduction in weight status results in lower ceramide risk scores
in humans, and if interventions to increase diet quality would be effective in lowering ceramides
and thereby the ceramide risk score.
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